This paper introduces a high-frequency coaxial transformer (HFCT) with a power efficiency of >99.5% and an operational frequency between 100-300 kHz. The power rating of the HFCT can be easily scaled from 2.5 to 20 kW by adapting its simple symmetrical structure. The introduced HFCT is suitable for use with converters in electric vehicle on-board charging systems. It easily fulfills the design requirements of being lightweight, compact, and having a high power density and achieved a volume reduction of 75% in comparison with commercial products Furthermore, the electromagnetic interferences are increasing with the increased operating frequency, and an inserted copper Faraday shield is used to deal with this issue (an 80.6% reduction of intra-winding capacitance was achieved). A shielding analysis, with a focus on the insertion losses, is undertaken by utilizing finite element method based numerical techniques.
I. INTRODUCTION
T HE ELECTRIC vehicle (EV) occupies an important role in smart grid infrastructure (the integration of renewable energies, such as household and power grids), and captures interest because of its potential usage in the near future. Several researchers have discussed future trends and requirements of the EV [1] , [2] . Summarizing this information can make one short conclusion: the quality of charging process is very important for publics to accept and get used to the EV technology. Several charging standards were developed such as SAE, IEC, and ISO, which have varied definitions on port communication and power rating [3] . To make it simple, we can classify charging standards (according to its power rating) into three categories. These include normal charging, fast charging, and super charging, with power ratings of 1-2 kW, 2-20 kW, and > 20 kW, respectively (approximation) [1] - [4] . A lot of research has been undertaken on normal charging levels at both low frequency (60-100 Hz) and high frequency (1-10 kHz and above). However, very little research has been studied for power conversion applications in the EV above an operating frequency of 100 kHz and power rating greater than 2 kW. The power converter commonly seen in the EV market operates at 60-200 Hz, in which the converter is bulky and inefficient. Therefore, this paper introduces an isolated HFCT, which is well suited for EV charging systems at fast charging level, as well as other energy storage applications. The benefit of using an isolated transformer in the converter system has been discussed in several papers [5] - [7] . On the other hand, the coupling capacitance accompanied by an increased operating frequency (which couples HF noise between the primary and secondary windings) can cause serious common mode problems [8] - [10] . Hence, a Faraday shield is placed between the windings of the HFCT. This reduces the coupling capacitance and consequently the electromagnetic interference (EMI). The analysis of the shielding effect of the HFCT is presented in this paper and maybe of interest to other researchers and automobile manufacturers.
II. NUMERICAL MODELING

A. FEM-Based Numerical Method
A finite element method (FEM) frequency domain based numerical technique was used to analyze the eddy current and magnetic flux distribution for the HF transformer. The transformer's nonlinear magnetic field can be determined by the following vector potential equation: (1) where and are magnetic vector potential and current density, respectively, is the magnetic reluctivity, and is the conductivity. The energy function is generalized from linear techniques. The energy method has been chosen to solve the inductance of the HFCT. From (1), the corresponding magnetic field is obtained with the use of the FEM technique for the whole model. Therefore, energy stores in the HFCT are also obtained (2) where in a N-turn winding system, is the flux density, is the magnetic intensity, and is the area enclosed by the generated magnetic field.
To solve the capacitance model of the HFCT, the energy method is still applicable. However, solving it with the charge equation is comparably easier and reduces the computation time. The capacitance computation is based on Maxwell's theory, and the relationship between potential and charge in a multi-conductor system can be described by the electric scalar potential , which satisfies Poisson's equation (3) 0018-9464/$31.00 © 2013 IEEE where is the permittivity and is the space charge density. By finding the number of charges in each individual conductor, the unknown capacitance can be obtained.
B. HFCT Structure Configuration
An 8 kW HFCT prototype is used as the bench model throughout this paper and the detailed geometrical structure is shown in Fig. 1 . Dimensions in this figure are only for an 8 kW HFCT prototype and can be scaled according to the required power rating. Both 2-D and 3-D simulations have been conducted and are presented in this paper, and the dimension is provided in Fig. 1 . The thickness of the Faraday shield is 0.1 mm. Please refer to Fig. 1(a) for the definitions of a coaxial region and an end region as they will be broadly used in the simulation section. Fig. 2 shows the 3-D model of the HFCT with and without the Faraday shield insertion. There are four pieces of copper shield for the HFCT with the Faraday shield: two circular rings in the center of the coaxial section and the other two in the end region section to isolate the inner and outer winding. The material of the magnetic ring is ferrite, which has a high initial relative permeability of 2100 and a maximum flux density of 0.4 T.
III. TESTING RESULTS
The HFCT equivalent circuit is shown in Fig. 3 , which illustrates the transformer parameters used in testing and simulation results. The transformer parameters were obtained by using a HP 4285A (75 kHz to 30 MHz) precision LCR meter. Testing results are tabulated in Table I and Table II where and denote total leakage inductance and total winding resistance, denotes magnetizing inductance and denotes core loss resistance, respectively.
All parameters are frequency dependent, and the insertion of the Faraday shield has very little negative effect on the power efficiency performance. The leakage inductance increases slightly TABLE I  OPEN CIRCUIT TESTING RESULTS OF THE COAXIAL TRANSFORMER   TABLE II  SHORT CIRCUIT TESTING RESULTS OF THE COAXIAL TRANSFORMER (approximately 7.2%) due to the finite amount of space required for the insertion of the Faraday shield. However, the variation is too small to be significant. The has a minor decrease with the insertion of the Faraday shield while an increase is shown in . This is reasonable since the material of the Faraday shield is copper (which counteracts the magnetic field and consequently the electric field). Also, energy distributes in the magnetic core or in the air, which represents and , respectively. From an energy point of view, the magnetizing inductance and leakage inductance have an inversely proportional relationship to each other. Furthermore, the variation in Table II shows the eddy current effect in that the wire resistance increases with the frequency in an exponential relationship.
IV. SIMULATION RESULTS AND VALIDATION
A. Eddy Current Distribution
The 2-D magnetic flux distribution of the HFCT has been presented in another paper [11] . The insertion of the Faraday shield does not affect the magnetic performance under both short circuit and open circuit conditions. This is because the magnetic field around the winding is almost perpendicular to the normal direction of shield conductor surface or parallel to the thin copper shield. As well as the thin copper shield which minimize the side effect of the shield insertion. The eddy current simulation result (100 kHz, in frequency domain) is shown in this paper by using the outer circular winding as the primary winding and the inner circular winding as the secondary winding. Results in this paper only show the HFCT under short circuit conditions, as the impact of the Faraday shield insertion is more obvious than the HFCT under open circuit condition. A 2-D simulation (see Fig. 4) shows that the peak current only increases 1.15% due to the insertion of the Faraday shield. This is because the inserted shield counteracts the proximity effect.
The simulation results of the 3-D model, with and without the Faraday shield, are shown in Figs. 5 and 6, respectively. The peak current density increases 7.87% due to the inserted shield. The difference between the 2-D and 3-D simulation is mainly caused by the wire specification. A seven strands Litz wire was used for the 2-D simulation, and corresponds to the practical prototype while the 3-D simulation uses the single solid conductor windings. The simplification of 3-D model is to avoid the redundant computation time and complex meshing processes (it takes about two weeks for one HFCT simulation with Litz wires, and the meshing process requires a lot of memories). Therefore, in order to depict the electric behavior of the transformer efficiently, a 2-D simulation should always be conducted before doing the full model simulation.
B. Capacitance Calculation
In order to reduce the coupling effect accompanied by the increased operating frequency, a Faraday shield was inserted. The capacitance simulation result is shown in Table III , where denotes the total intra-winding capacitance, and represent the capacitance of the primary and secondary winding to the Faraday shield, and ' denotes the intra-winding capacitance of the HFCT with the Faraday shield inserted (refer to Fig. 3 for a capacitance definition). The inserted shield must be perfectly connected to the ground, therefore the HF noise flows in the individual loop instead of propagating to the other. The ' of the HFCT with the Faraday shield under grounding conditions cannot be directly measured. Therefore, and need to be measured first, and can then be derived based on the simple theoretical capacitance equation.
A HAMEG HM8118 LCR meter (20 Hz to 200 kHz) was used to obtain the transformer capacitance at low frequency. This is to ensure that the simulated and tested results are comparable as the simulation was done using a static field analysis (a charging equation was deployed for the solution). The capacitance decreases while the operating frequency increases. Therefore, if a static test is conducted, the testing result will be closer to the simulation result.
In Table III , simulation results are apparently higher than the testing result. This is because of the composition of the dielectric material, which exists between windings. In the practical prototype, the dielectric material (fiberglass has been used for the introduced HFCT) has a lot of tiny air gaps, which the simulated model does not have. In addition, the 2-D simulation result is higher than the 3-D result due to the length of the end region section. In a 2-D simulation, the wire lengths are equal since only the X and Y axe have been taken into account (the wiring at the turning corner and in the end region section was assumed to be no difference, which is not simulated the practice).
Furthermore, capacitance is greater in the end region section than in the coaxial section due to the wiring distance being smaller in the end region section. All results again proves that it might cause a more serious EMI problem (C is greater than the HFCT without the shield) if the HFCT with the Faraday shield is not carefully grounded. Lastly, testing and the 3-D simulation show that the intra-winding capacitance has been greatly reduced 80.6% and 85.5%, respectively.
C. Inductance Calculation
The benefit of computer simulation is that it not only simulates the electric and magnetic behavior of the HFCT without building real prototypes, but it also gives more detailed information, which the traditional testing method is not able to provide. Table IV TABLE IV  INDUCTANCE OF THE HFCT   TABLE V  POWER LOSSES OF THE HFCT-3-D SIMULATION connection between the coaxial section and the end region section. The simulation result in 2-D assumes all conductors are in a straight array and thus the 3-D simulations are more consistent with reality. Furthermore, a more precise simulation model can be used to reduce the difference between testing results and simulations.
V. DISCUSSION
The power losses comparison of the HFCT with and without the Faraday shield is tabulated in Table V . The power losses increase by 13.16% (short circuit) and decreases by 11 .17% (open circuit) respectively for the HFCT with and without the Faraday shield. The majority of power losses occur under short circuit conditions, which are commonly called copper losses. The copper loss of the Faraday shield is 1.03 W under short circuit conditions and winding losses have increased by 3.48% due to the inserted shield. The increased losses are too small to be significant compared to the overall power rating of the HFCT (8 kW). Furthermore, the Faraday shield has a positive impact on the electric field of the HFCT under open circuit conditions. The peak eddy current decreases while the HFCT with the shield is at open circuit condition. Thus, the power loss is consequently lower than the HFCT without the Faraday shield under open circuit conditions.
The magnetic loss of the ferrite ring is also obtainable via simulations with the calculated maximum flux density. The maximum flux density has no difference in both the HFCT with or without the shield. Therefore, magnetic flux simulations are not presented in this paper. In the observation of both simulations and testing results, the Faraday shield has little impact on power losses, eddy current distribution and inductance of the HFCT. The increased power loss due to the inserted Faraday shield can be reduced by having a thinner copper shield. However, by taking the manufacturing difficulty and costs into account, as well as shield thickness limitations, the appropriate thickness can be determined with further simulation works.
Based on both the simulations and testing results, the target of reducing the has been achieved. The reduces from 48.9 pF to 9.49 pF, which results in an 80.6% reduction in intrawinding capacitance. In the existing prototype, only a single layer of the Faraday shield was inserted. The number of layers should be increased if the requires further reduction. However, the increased numbers from the Faraday shield also cause a reduction in HFCT efficiency.
In summary, this paper introduced a HFCT, which is suitable to replace the existing bulky and inefficient transformer in the power converter of the EV. In addition, the analysis presented in this paper might be of significant interest to other researchers as it validates the application from both electric and magnetic fields. The contribution of our research work not only brings a real prototype to the automobile industry, but also shows a pathway on power applications analysis for research studies.
